The selectins are transmembrane, Ca 2+ -dependent lectins that mediate leucocyte rolling on vascular surfaces, the first adhesive step during inflammation and immune surveillance. Leucocytes express L-selectin, activated platelets express P-selectin, and activated endothelial cells express E-and P-selectin. Rolling involves force-regulated, rapidly reversible interactions of selectins with a limited number of glycosylated cell surface ligands. Rolling permits leucocytes to interact with immobilized chemokines that convert b2 integrins to high-affinity conformations, which mediate arrest, post-arrest adhesion strengthening, and transendothelial migration. However, rolling leucocytes also transduce signals through selectin ligands, the focus of this review. These signals include serial activation of kinases and recruitment of adaptors that convert integrins to intermediate-affinity conformations, which decrease rolling velocities. In vitro, selectin signalling enables myeloid cells to respond to suboptimal levels of chemokines and other agonists. This cooperative signalling triggers effector responses such as degranulation, superoxide production, chemokine synthesis, and release of procoagulant/proinflammatory microparticles. In vivo, selectin-mediated adhesion and signalling likely contributes to atherosclerosis, arterial and deep vein thrombosis, ischaemia-reperfusion injury, and other cardiovascular diseases.
Selectins: initiators of leucocyte adhesion
In the multistep adhesion cascade, leucocytes tether to and roll along postcapillary venules. They then arrest and crawl through or between endothelial cells into the perivascular space 1,2 ( Figure 1 ). This process occurs during constitutive homing of naive lymphocytes to lymph nodes, of haematopoietic stem/progenitor cells to bone marrow, and of T cell precursors to thymus. During inflammation, neutrophils, monocytes, or effector T cells migrate to specific tissues in response to infection or injury. Interactions of selectins with their glycosylated ligands mediate rolling. 3 In the original multistep paradigm, selectindependent rolling allows leucocytes to encounter chemokines that activate leucocyte integrins, which permit arrest and crawling. However, selectins also transduce signals that modulate leucocyte behaviour, for example, by enabling integrin-dependent reductions in rolling velocities (slow rolling; Figure 1 ). The multistep paradigm emphasizes interactions of leucocytes with endothelial cells. However, selectins also mediate leucocyte adhesion to activated platelets and to other leucocytes ( Figure 1, inset) . Thus, selectins initiate multicellular adhesive and signalling events during physiological or pathological inflammation and haemostasis. This review focuses on how selectins mediate signalling as well as adhesion, particularly with regard to neutrophils.
Selectins and selectin ligands
Each of the three selectins has an N-terminal Ca 2+ -dependent (C-type) lectin domain, an epidermal growth factor (EGF)-like module, a series of tandem consensus repeats, a transmembrane domain, and a cytoplasmic tail. 3 L-selectin is expressed on the surfaces of all leucocytes. Some agonists induce proteolytic release of the ectodomain. 4 P-selectin is expressed by megakaryocytes and endothelial cells. It is stored in membranes of a granules of platelets and Weibel -Palade bodies of endothelial cells. Mediators such as thrombin, histamine, or complement induce rapid redistribution of P-selectin to the plasma membrane. TNF-a, IL-1b, or lipopolysaccharide (LPS) increases transcription of mRNA for P-selectin in most mammals, including mice, but not in primates, including humans. 5, 6 E-selectin is constitutively expressed on the surfaces of venular endothelial cells of bone marrow and skin. In most organs, however, endothelial cells must be stimulated with TNF-a, IL-1b, or LPS to synthesize E-selectin. 7 This mechanism of induced expression is conserved in mice and humans. Another posttranslational modification, sulfation, enables certain glycoproteins to serve as physiologically relevant ligands for P-and L-selectin. Thus, P-and L-selectins bind cooperatively to an sLe xcapped O-glycan, sulfated tyrosines, and other amino acids near the N terminus of P-selectin glycoprotein ligand-1 (PSGL-1), a homodimeric mucin on leucocytes. 3 L-selectin binds to sialylated, fucosylated, and sulfated N-and O-glycans on glycoproteins expressed on endothelial cells of high endothelial venules in lymph nodes. 8, 9 Sulfation does not enhance binding to E-selectin. Nevertheless, only a limited number of glycoproteins are physiologically relevant ligands for E-selectin, at least on murine neutrophils, where they have been best studied. 10 These include PSGL-1, CD44, and E-selectin ligand-1 (ESL-1). Other glycoprotein ligands for E-selectin have been described, 10 and glycolipids are candidate ligands for E-selectin on human (but not murine) neutrophils. 11 However, additional evidence is required to support their physiological functions.
Rolling adhesion through selectin -ligand interactions
In flowing blood, leucocytes roll on vascular surfaces through reversible interactions of selectins with their ligands. 3 A cell rolls by forming new adhesive bonds at the leading edge to replace bonds that dissociate at the trailing edge. These bonds are short-lived, usually lasting less than a second. Furthermore, the shear stresses of blood flow exert force on bonds at the trailing edge. Slip bonds have lifetimes that are shortened by force. Catch bonds, which are less intuitive, have lifetimes that are prolonged by force. 12 Remarkably, increasing force exerts a triphasic effect on selectin -ligand interactions, first shortening lifetimes (slip bonds), then prolonging lifetimes (catch bonds), and then again shortening lifetimes (slip bonds). 12 -14 The biological functions of catch bonds are not fully understood. The strongest evidence, from in vitro studies, supports a role for catch bonds in mediating flow-enhanced adhesion by L-selectin. 15 At low shear stresses (,0.3 dynes/cm 2 ), leucocytes roll rapidly and irregularly and detach frequently. Higher shear stresses (0.3 -1.0 dynes/cm 2 ) enable cells to roll slower and Figure 1 Multistep leucocyte adhesion cascade. Endothelial selectins initiate tethering and rolling of leucocytes, including neutrophils as depicted here.
Signals from engaged selectins and chemokines activate b2 integrins that mediate slow rolling and arrest. Integrins also direct spreading, intraluminal crawling, and migration between or through endothelial cells into perivascular tissues. Inset: Adherent neutrophils polarize to form a leading edge (lamellipodium) and a trailing edge (uropod). The selectin ligand PSGL-1 redistributes to the uropod and captures activated platelets by interacting with P-selectin. Platelet-neutrophil interactions transduce signals that facilitate intraluminal crawling.
more regularly and detach less frequently. At still higher shear stresses (. 
Selectin-induced signalling in leucocytes
Selectin-mediated adhesion potentially brings leucocytes in proximity to other agonists. This form of signalling was first supported by studies of myeloid cell adhesion to P-selectin on activated platelets or endothelial cells in vitro. 19 -22 P-selectin-mediated adhesion enables chemokine-or platelet-activating factor-triggered activation of b2 integrins, which stabilizes adhesion. It also facilitates release of chemokines from adherent leucocytes. Later studies indicated that engagement of selectin ligands (or L-selectin) on leucocytes directly transduces signals. For example, interactions of PSGL-1 with immobilized P-selectin or anti-PSGL-1 mAbs rapidly induce tyrosine phosphorylation of multiple proteins. 23 However, such studies, performed under static conditions in vitro, do not address whether selectintriggered signalling occurs under physiological conditions and if so, whether it exerts biologically relevant effects. To date, the most extensive evidence is for selectin-triggered signals that modulate b2 integrin function on rolling neutrophils.
Selectin-induced, integrin-mediated slow rolling of neutrophils
Mild trauma during surgical exteriorization of the murine cremaster muscle mobilizes P-selectin from Weibel-Palade bodies to the endothelial cell surface of postcapillary venules. Leucocytes, mostly neutrophils, roll rapidly on the mobilized P-selectin. 24 Injection of TNF-a up-regulates endothelial synthesis of E-selectin. In this setting, neutrophils roll slowly on E-selectin because it is expressed at high densities. 25 Slow rolling velocities prolong the transits of neutrophils through venules, providing more opportunities for the cells to encounter endothelial-bound chemokines such as CXCL1. 26 Chemokine signals activate b2 integrins, which mediate arrest and then transendothelial migration. 27 However, E-selectin ligands engaged during rolling transduce signals that also affect b2 integrin function. 28 These signals enable b2 integrins to further reduce rolling velocities by 50%, i.e. from 10 to 5 mm/s. This slower rolling, compared with that on E-selectin in the absence of signalling, results from reversible interactions of b2 integrins, particularly aLb2, with endothelial cell ligands, particularly intercellular adhesion molecule-1 (ICAM-1). In other words, neutrophils roll slowly by forming and breaking integrin-ligand bonds as well as E-selectin-ligand bonds.
Integrins are transmembrane heterodimers of non-covalently paired a and b subunits. 29 Each subunit has multiple domains. Integrins on blood cells must be activated to bind their ligands. Three principal integrin conformations have been described: a bent form with a closed headpiece that has low affinity for ligand, an extended form with a closed headpiece that retains low affinity for ligand, and an extended form with an open headpiece with high affinity for ligand ( Figure 2 ). Transitional conformations also exist. 30 Current evidence, primarily Extensive information on the neutrophil signalling cascade triggered by selectin interactions has been obtained ( Figure 3) . The data emerge from flow chamber studies using isolated murine or human leucocytes 31, 33 or autoperfused murine blood, 28 or intravital microscopy of postcapillary venules in the cremaster muscle after challenge with TNF-a. 28, 33 In flow chambers, rolling velocities are compared on immobilized P-or E-selectin with or without co-immobilized ICAM-1. Blocking mAbs identify the integrin-dependent component of rolling.
A chemokine such as CXCL1 may be co-immobilized to trigger integrin-dependent arrest and spreading. In the cremaster muscle, pertussis toxin (PTx) is typically injected to block chemokine signalling through Ga i -coupled receptors on neutrophils. In vivo, selectin signalling results from interactions with E-selectin because of its higher density. 28, 33 In vitro, P-and E-selectin densities can be adjusted to yield rolling velocities like those in venules. 33 Under these conditions, P-selectin signals as effectively as E-selectin. This may be relevant when neutrophils interact with activated platelets, which express P-selectin at high densities.
In broad terms, selectin signalling in neutrophils resembles signalling by classical immunoreceptors such as the T-cell receptor, the B-cell receptor, and the Fc receptor. The pathway involves sequential activation of tyrosine kinases and recruitment of adaptors that propagate downstream signals culminating, in this case, in conversion of b2 integrins to a conformation with intermediate affinity, i.e. an extended ectodomain with the closed headpiece. 31 P-selectin signals through PSGL-1, the major ligand for P-selectin on murine and human leucocytes. 33 E-selectin signals through PSGL-1 28 or CD44, 33 two of the three major ligands for E-selectin on murine neutrophils; the ligands that transduce signals on human neutrophils are less well defined. Chelation or sequestration of cholesterol blocks signalling, indicating that intact lipid rafts are required. 33 This is consistent with the well-described assembly of signalling proteins in these membrane domains. Indeed, both PSGL-1 and CD44 are enriched in lipid rafts. 34 -36 Selectin-mediated adhesion likely clusters PSGL-1 or CD44 to initiate signalling. 23, 37, 38 Slow rolling, however, does not require intact actin filaments in neutrophils. 39 Clustering of PSGL-1 or CD44 is more likely when P-or E-selectin is presented in a multivalent form on a cell membrane or surface. Soluble P-selectin can signal when it is dimeric or multimeric, but not when it is monomeric. 23, 37 Neutrophil adhesion to P-selectin on activated platelets or endothelial cells induces cleavage of the ectodomain of P-selectin. 40 -42 Modestly elevated levels of circulating soluble P-selectin are present in patients with thrombotic or inflammatory disorders 43 and in mice expressing P-selectin without the cytoplasmic domain. 44 The elevated soluble P-selectin has been postulated to be proinflammatory and prothrombotic. 44 -46 However, the levels are well below the dissociation constant for binding of monomeric soluble P-selectin to PSGL-1. 47 If the shed ectodomain of P-selectin remains monomeric in plasma, its role as a signalling protein remains unclear. The earliest known signalling event is activation (tyrosine phosphorylation) of Src family kinases (SFKs). Murine neutrophils express three SFKs: Fgr, Hck, and Lyn. Deficiency of Fgr or both Hck and Lyn blocks signalling. 33, 48 How selectin binding triggers activation of SFKs is not understood. Neutrophils from knockin mice that express PSGL-1 lacking the cytoplasmic domain (DCD PSGL-1) do not signal in response to This conformation causes arrest. Both conformations require recruitment of talin to b2 tails. The extended, high-affinity conformation also requires kindlin and actomyosin-dependent tension.
P-selectin. 35 CD44-deficient neutrophils expressing DCD PSGL-1 do not signal in response to E-selectin. 33 These data demonstrate a critical signalling role for the PSGL-1 cytoplasmic domain. How it does so is not known. DCD PSGL-1 still associates with lipid rafts, indicating that PSGL-1 does not require its cytoplasmic tail to concentrate in these membrane domains. 35 The PSGL-1 cytoplasmic tail was reported to bind to Nef-associated factor, thereby recruiting phosphatidylinositol-3-kinase d (PI3Kd) to activate b2 integrins. 49 As discussed below, however, PI3Ks are dispensable for slow rolling, and PI3Ks can be activated by downstream complexes. Thus, the PSGL-1 tail probably acts more proximally in the signalling cascade. One possibility is that it binds directly to SFKs, as does the cytoplasmic domain of CD44 in some cells. 50 Neutrophil SFKs activated by selectin engagement phosphorylate the immunoreceptor tyrosine-based activation motifs (ITAMs) in the cytoplasmic domains of DAP12 and FcRg, 48 which also concentrate in lipid rafts. 51 The phosphorylated ITAMs serve as docking sites for spleen tyrosine kinase (Syk), which activates and recruits other kinases and adaptors as part of a multiprotein complex. 28 These include the key adaptor SLP-76, the Tec kinase Btk, and the adaptor ADAP. 33, 52, 53 In turn, this complex activates further downstream mediators. One pathway involves serial activation of phospholipase C g, p38 MAPK, and a Ca 2+ and diacylglycerol-activated guanine nucleotide exchange factor (CalDAG-GEF1), which activates the GTPase Rap1a. 52,54 Activated
Rap1a, probably through effectors, 55 recruits talin1 to the membrane.
A second pathway may involve activation of PI3Kg and Rac1 to recruit talin1. 52, 56 Talin1 (see below) then directly activates integrin aLb2.
Although the major components of the signalling cascade are well established, some remain to be confirmed by a second laboratory, and some are the subject of debate. For example, one group reports that PSGL-1 is the sole signalling ligand for E-selectin, 28 whereas another group reports that either PSGL-1 or CD44 is sufficient to transduce signals from E-selectin. 33 The first group reports that a novel complex of PSGL-1 with L-selectin is responsible for signalling. 57 This may represent only a small subset of the two proteins since the great majority of L-selectin is not in lipid rafts. 35 Whether PI3Kg contributes to selectin-induced signalling is also controversial. 33 Additional studies are required to address these discrepancies. A final common step in integrin activation is binding of talin to the cytoplasmic tail of the b subunit. 58, 59 Talin1 is the predominant isoform expressed in haematopoietic cells, including neutrophils. Talin is a large cytoplasmic protein with a head domain and a rod domain. 60 The head domain binds to b tails, and the rod domain binds to b tails, actin, and other proteins. Binding of the talin head domain to b tails destabilizes interactions between the a and b tails and transmembrane domains, inducing allosteric activation of the integrin ectodomain. 58, 59 As mentioned earlier, selectin signals induce extension of the aLb2 ectodomain that retains a closed headpiece with low affinity for ICAM-1.
31
This intermediate-affinity conformation mediates slow rolling but not arrest. Talin1-deficient neutrophils are defective both in selectintriggered, aLb2-mediated slow rolling and in chemokine-triggered, aLb2-mediated arrest and spreading. 61 Notably, selectin-triggered, aLb2-mediated slow rolling does not require intact actin filaments or actomyosin tension. 39 This suggests that talin1 bound to b2 tails need not simultaneously bind to the cytoskeleton to support slow rolling ( Figure 2) . Chemokine signals induce extension of the aLb2 ectodomain with an open headpiece with high affinity for ICAM-1. 31 Importantly, both intact actin filaments and actomyosin tension are required for chemokine-induced arrest and spreading. 39 This is consistent with the notion that simultaneous talin interactions with integrins and the cytoskeleton further separate the a and b subunits and stabilize the open headpiece of the ectodomain (Figure 2) . Kindlins, another group of cytoplasmic adaptors, bind to a different region of integrin b tails. 59 Kindlin-3 is the most abundant kindlin in haematopoietic cells, including neutrophils. In response to selectin or chemokine signals, kindlin-3-deficient neutrophils extend the aLb2 ectodomain, but do not open the headpiece. As a result, they manifest aLb2-mediated slow rolling but not arrest. 61 Kindlins increase the clustering of talin-activated integrins. 62 This stabilizes the open headpiece and promotes outside-in signalling. Outside-in signalling causes extensive cytoskeletal rearrangements that promote spreading and strengthen adhesion. 32 Transitions from integrin-dependent arrest to integrin-dependent outside-in signalling occur rapidly and are often difficult to distinguish. The dispensability of kindlin-3 for selectintriggered, aLb2-mediated slow rolling implies that selectin signalling, unlike chemokine signalling, may not recruit kindlins to b2 tails ( Figure 2 ). Other mediators may contribute to integrin activation. Thus, neutrophils rolling on E-selectin in TNF-a-stimulated venules stimulate PSGL-1-dependent release of myeloid-related proteins 8 and 14 from the cytosol. These proteins, acting in an autocrine loop, engage Toll-like receptor 4 on neutrophils to enhance b2 integrindependent slow rolling and arrest. 63 How might selectin signalling facilitate neutrophil recruitment? First, b2 integrin-dependent slow rolling may increase encounters with Adhesive and signalling functions of selectins immobilized chemokines that induce neutrophil arrest. In vivo, however, blocking b2 integrins increases rolling velocities by only two-fold; 28, 33 that is, neutrophils still roll relatively slowly and probably remain able to interact efficiently with endothelial-bound chemokines. Alternatively, selectin signalling may prime neutrophils to respond to lower levels of chemokines. Under static conditions in vitro, neutrophil or monocyte adhesion to P-or E-selectin enables effector responses to otherwise suboptimal levels of a conventional agonist such as a platelet-activating factor or a chemokine. 20 -22,37 These responses include integrin activation, superoxide production, or synthesis of chemokines. Whether such priming occurs during leucocyte rolling in vivo is less clear. Indeed, selectin signalling under flow is rapidly reversible. 28 Blocking selectin signalling by deleting or inhibiting a key signalling protein such as Syk has a minimal effect on neutrophil recruitment in several models of acute inflammation. Similarly, blocking chemokine signalling by disabling Ga i receptors with PTx only partially inhibits recruitment. In contrast, blocking both pathways markedly inhibits recruitment. Such data have been interpreted to indicate that selectin signalling and chemokine signalling cooperate to maximize neutrophil recruitment during acute inflammation. 28, 33, 48, 52, 54 However, these studies employed inhibitors or gene knockouts that impair integrin outside-in signalling as well as PSGL-1-or CD44-triggered inside-out signalling. Like selectin signalling, ligand binding to chemokine-activated b2 integrins triggers a signalling cascade that resembles that of classical immunoreceptors. 32 Indeed, most of the components are shared, including SFKs, Syk, and SLP-76. Therefore, determining the physiological importance of selectin-triggered activation of b2 integrins will require methods to block signalling through selectin ligands without impairing integrin outside-in signalling. As noted earlier, knockin mice expressing PSGL-1 lacking the cytoplasmic domain (DCD PSGL-1) were made to address this issue. 35 The limitation of these mice, however, is that the density of PSGL-1 on leucocyte surfaces is reduced by 90%. This is due to loss of an export signal in the cytoplasmic domain, which impairs transport of newly synthesized PSGL-1 from the endoplasmic reticulum to the Golgi apparatus. 64 In vitro, the limitation of reduced DCD PSGL-1 surface density on neutrophils can be overcome by adjusting selectin densities to match bond numbers and rolling velocities with those of neutrophils from wild-type mice. 33, 35 In vivo, selectin densities cannot be adjusted between genotypes. Therefore, it is difficult to determine whether signalling defects in the knockin mice are due to reduced PSGL-1 levels, loss of the cytoplasmic domain, or both. Mutations of the cytoplasmic domain that impair signalling without altering PSGL-1 expression may overcome this limitation.
Signalling during plateletmyeloid cell interactions
P-selectin-mediated adhesion of activated platelets to PSGL-1 on myeloid cells can trigger signalling in both cell types. 65 In vitro, adhesion is rapidly stabilized by interactions of b2 integrins, particularly aMb2, with glycoprotein Iba and other ligands on platelets. 66 -68 Stable adhesion requires activation of SFKs. 69, 70 As for neutrophil slow rolling and arrest on endothelial cells, it is difficult to determine whether SFK activation results from signalling through PSGL-1, outside-in signalling through ligand-bound b2 integrins, or both. Close cell contact immediately brings both platelets and myeloid cells into contact with other mediators. Platelets express chemokines that activate integrins and induce synthesis of chemokines and other mediators in myeloid cells. However, it remains difficult to distinguish the contributions of selectin-mediated adhesion and selectin-mediated signalling in vivo, where chemokines, proteases, and other mediators are also present.
Although the multistep adhesion model usually emphasizes adhesion of leucocytes to endothelial cells, platelets also interact with neutrophils as they adhere to the endothelium (Figure 1) . Cells that arrest in venules rapidly polarize in response to chemokine signals. Intraluminal crawling is mediated by integrin aMb2 that redistributes to the leading edge, or lamellipodium. 1 The other end of the polarized cells forms a protruding domain, or uropod. PSGL-1 and several other glycoproteins are redistributed to this domain. 76 -78 In vivo, most uropods are oriented away from the endothelial cell surface. 79 Remarkably, the concentrated PSGL-1 in the uropods serves as an efficient platform to capture circulating activated platelets that express P-selectin 79 ( Figure 1, inset) . The adhesion of the activated platelets to the uropods is typically transient, yet these interactions induce signals that facilitate the redistribution of integrin aMb2 to the leading edge, increase crawling velocities, and reduce the time required for the crawling neutrophil to migrate out of the venule 79 ( Figure 1, inset) . In mice expressing DCD PSGL-1, activated platelets still adhere to polarized neutrophils, but neutrophil migration is impaired. 79 This is consistent with impaired signalling due to loss of the PSGL-1 cytoplasmic domain. As noted above, however, decreased signalling could also result from less stable adhesion due to the marked decrease in DCD PSGL-1 density on the neutrophils. 35 Notably, integrin aMb2 redistributed to the leading edge captures unactivated platelets, 78 probably through interactions with glycoprotein Iba. This process is less efficient in neutrophils with reduced expression of ESL-1. 78 As for PSGL-1 or CD44, distinguishing a direct signalling role of ESL-1 from an indirect role in juxtacrine adhesion/signalling requires further investigation. Nevertheless, these studies establish a major contribution of platelets to acute inflammation in physiological and pathological states.
Selectins and human disease
Over the past 25 years, selectins, particularly P-selectin, have been shown to contribute to pathological inflammation and thrombosis in many preclinical disease models, including atherosclerosis, 80 -82 ischaemia-reperfusion injury, 83 arterial thrombosis, 84 and deep vein thrombosis. 75, 85 Patients with inflammatory and thrombotic disorders typically have higher levels of activated platelets displaying P-selectin, platelet -leucocyte aggregates, and soluble P-selectin in peripheral blood. 43, 86 Although these findings have led to intense interest in the development of selectin inhibitors as drugs, testing such drugs in human trials is still in the early stages. In an early study, patients with ST-segment elevation myocardial infarction were randomized to receive a placebo or a soluble form of PSGL-1 fused to the Fc portion of human IgG1 (a P-selectin antagonist) intravenously as an adjunct to standard thrombolytic therapy. 87 The trial was terminated prematurely due to the lack of efficacy in ST-segment elevation, left ventricular function, clinical outcome, and other endpoints. In a more encouraging phase 2 trial, patients with non-ST-segment elevation myocardial infarction undergoing percutaneous coronary intervention were randomized to receive a placebo or a humanized anti-P-selectin mAb to block P-selectin binding to PSGL-1. 88 Relative to placebo, the antibody decreased plasma troponin I to levels that approached statistical significance. These disparate results illustrate the challenges in introducing a new drug for cardiovascular disorders in which established drugs, e.g. thrombolytics and anti-platelet agents, have already improved outcomes, and they suggest a need for careful design of larger clinical trials. Patients with sickle cell anaemia develop injury to many organs that is consistent with repeated episodes of ischaemia -reperfusion injury. 89 Murine models of sickle cell anaemia have established that sickled red cells obstructing small vessels trigger pathological inflammation and thrombosis that involves adhesive interactions among red cells, platelets, and the endothelium. E-selectin binding to neutrophils triggers adhesion to sickle red cells. 78 Furthermore, P-selectin on activated platelets and endothelial cells binds directly to ligands on sickle red cells as well as to PSGL-1 on neutrophils. 90 Blockade of P-or E-selectin decreases these adhesive interactions and improves microcirculatory flow in sickle cell mice. 91 -94 In a recent phase 2 trial, intravenous infusion of a small-molecule selectin inhibitor reduced the time for resolution of acute, painful vasoocclusive crisis in patients with sickle cell disease. 95 Although this did not reach statistical significance, secondary analysis revealed a statistically significance reduction in opioid analgesic use. These results suggest that a larger phase 3 trial is warranted. A separate phase 2 trial is examining whether chronic administration of a humanized anti-P-selectin mAb will prevent or reduce vasoocclusive complications (https://clinicaltrials.gov/ct2/show/NCT01895361). These initial clinical trials suggest that selectin antagonists may be effective in some cardiovascular disorders, as predicted from the many preclinical studies. Given the inherent risks in extrapolating data from animal models to humans, careful selection of clinical targets and proper trial design will be essential for further progress.
Conclusion
The function of selectins as adhesion receptors in models of inflammation, thrombosis, and immune responses is well established. Early clinical trials suggest promise for drugs that inhibit selectin-ligand interactions. Selectins also trigger signals in leucocytes by engaging ligands such as PSGL-1 and CD44. These signals are sufficient for some responses, notably conversion of b2 integrins to an intermediate-affinity conformation that mediates slow rolling. In vitro, selectin signals are usually insufficient to induce responses such as superoxide production, synthesis of tissue factor, secretion of cytokines, or formation of neutrophil extracellular traps. However, selectin signals enable suboptimal signals from other agonists, e.g. chemokines or lipid autacoids, to generate such responses. Whether cooperative signalling occurs in vivo requires further investigation. Insights from such studies may lead to new drug targets for thrombotic and inflammatory diseases.
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